We modified lignin, a renewable biomacromolecule with high carbon density, with siliconcontaining vinyl groups via a highly efficient silylation reaction that achieved ~ 30% substitution of lignin's hydroxyl units. This exothermic process was carried in the melt state, in situ, in a reactive extruder. 1 H,
to form a (C3H3N)n linear structure. Given its properties such as lightweight, thermal stability, strength, stiffness, and electrical conductivity, PAN has been converted into a large variety of products, including acrylic 1 and carbon fibers 2 , carbon films 3 , carbon foams 4 , and ultrafiltration membranes 5 , among others. As a precursor of carbon fibers, PAN represents over 90 % of the supply while the rest is mainly pitch. [6] [7] Because the strong chemical bonding between nitrile (CN) groups, PAN resists most organic solvents and does not melt before degradation. [8] [9] As a result, PAN-based precursors are not cost-effective for direct extrusion; instead, wet spinning or plasticizer-assisted melt spinning are among the preferred routes. 10 The high cost of PAN precursor production limits its use to high end applications, which primarily includes carbon fibers for high performance composites, aerospace and sporting materials. 11 In fact, PAN cost has been reported to be as high as $15 per pound in 2013, according to ICIS Chemical Business. 12 The high raw material cost of PAN-based materials limits its use to only high-end applications.
In order to find a less expensive alternative, many synthetic polymers have been investigated.
Polyacetylene (PAc), for example, can be used to prepare helical carbon nanofibril thin films. 13 Likewise, taking advantage of its low cost, polyethylene (PE) has been used in the manufacture of high density composite films reinforced with carbon nanotubes. 14 Some grades of carbon fibers can be produced from polymers such as polyvinyl chloride 15 , polyethylene 16 , and polyacetylene. 17 Numerous PAN-based copolymers or blends are being investigated. 18 Generally, high C/H ratio structures, such as aromatic rings, result in material with high carbon. However, most conventional polymers lack aromatic rings or have relative low carbon yields, which can increase the cost for further thermal treatment or processing. 10 This is in contrast to PAN-based carbonized materials, which have high carbon content and can be processed easily into end-products with high carbon yields.
It is not surprising that renewable biopolymers with high carbon density have been considered for combination or substitution of PAN. The lignin macromolecule, which is rich in aromatic units, is available in aqueous dispersions as a byproduct of the cellulosic pulp production, where it is often utilized for energy co-generation. In fact, less than 2 % of the lignin industrially available is used for non-energy purposes. 19 This includes around 1.1 million ton per year of different types of lignins that are produced from (wood and non-wood) fiber digestion processes. Most of this amount, approximately 1 million ton/y, comprise lignosulfonates, which are mainly produced from acid sulfite pulping processes and are used as emulsifiers and dispersants, among others. [20] [21] [22] The remaining, about 100,000 ton/y are produced by the kraft process. 23 Only limited quantities of organosolv lignins are produced every year. 24 However, a wide range of potential applications of lignins have motivated work in fractionation processes based on kraft black liquor. 26 All in all, there is promise that kraft lignins will be available in commercial quantities to enter the market for high-value applications.
The carbon content of the kraft and organosolv lignins is about 62 and 63%, respectively. 27 Such carbon content is quite competitive if compared with that of PAN, 68 % carbon. Therefore, there are good prospects for the isolation of lignin as a cost-effective precursor for carbonized materials.
Not only is lignin renewable and inexpensive, but it is partially oxidized and can undergo oxidative thermal stabilization at potentially higher rates than PAN. 28 Lignin has been considered for the production of lignin-based carbonized fibers. 29 However, while many approaches have been reported, [30] [31] [32] [33] [34] [35] the expectations of a robust feedstock toward carbon fibers have not been met. This is due to the relatively low tensile strength and brittleness of the respective products. Thus, further efforts need to be directed toward lignin-based blends or copolymers in order to achieve a good balance between strength and cost. In this context, polyethylene oxide (PEO) has been considered as plasticizer to improve the spinning performance and strength. 33 Likewise, polypropylene (PP) 36 and polyethylene terephthalate (PET) 37 have been used to produce carbon fibers by blending with lignin in order to reach a higher thermal stabilization rate. For PAN-based precursors, lignin has been examined as extender to produce carbon fibers 38 and carbon films. 39 In order to further reduce the cost and improve spinnability and strength, a lignin-acrylonitrile copolymer was effective in producing carbon fibers. 40 However, there still a need for an efficient method to produce predominately lignin-based polymer precursors.
In order to combat some of the challenges outlined above, we investigated using reactive extrusion of industrial kraft lignin and a vinyl-terminated disilazane. The highly efficient vinyl silylation reaction 41 conducted under high shear conditions, allowed for processing in a melt polymer state. It is well known that hexamethyldisilazane (HMDS) will readily react with hydroxyl groups on silica in an exothermic manner. 41 Thus, the -OH groups on lignin were targeted for this same reaction. We propose utilizing 1, 1, 3, 3-Tetramethyl-1, 3-divinyldisilazane (DVDZ), versus HMDS, for substitution of the lignin's hydroxyl groups to open the possibility for subsequent modification via the vinyl functionality. The specific aims of this study were 1) to establish reactive extrusion as a viable methodology to produce vinyl silylated lignin, 2) to determine the reactivity of vinyl silylated lignin (ViSiL) through copolymerization with acrylonitrile, and 3) to evaluate the mechanical and thermal properties of the poly (acrylonitrile-co-ViSiL) films.
MATERIALS AND METHODS

Materials.
Industrial pine kraft lignin (Domtar, Plymouth, NC) was purified with 10% solid content in 0.1M HCl solution (pH ~ 1.5). After filtration, the solids were further washed with distilled water with 2 or more rounds. The average molecular weight of the lignin was measured to be ca. 6,200 Da and the hydroxyl groups' content was determined to be > 8 mmol/g. 27 This is an exothermic reaction due to the preference of the silicon atom to associate with the oxygen atom from lignin's -OH groups and the nitrogen's preference to associate with hydrogen. [41] [42] Thereafter, the vinyl silylated lignin (ViSiL) was extruded from the reactor and airdried for 48 hours at room temperature. PAN-co-ViSiL copolymerization. Kraft lignin (KL) and ViSiL were copolymerized with acrylonitrile (AN). The copolymerization was conducted using a two-step process. 40 In the first step, 18.7 g of AN and 22 mg AIBN were mixed with 50 g DMSO using magnetic stirring in a In order to determine the polymerization reactivity, a hot-pressed copolymer film was prepared.
The PAN-Lignin copolymers were grinded into uniform powder. Copolymer powder (5 g 
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Reactive extrusion. As a thermal set material, it is very difficult to process kraft lignin under melting extrusion. Crosslinking and thermal degradation easily occurs when lignin is heated up to its melt temperature. Moreover, the crosslinking or thermal degradation occurs within a short resistance, which limits lignin mobility. 38 As a compromise, a fractionation process or plasticizer addition is required to extrude lignin successfully. 28, 47 We use the high shear rate of reactive extrusion to facilitate mixing for the vinyl silylation reaction to occur and to minimize the overall cycle time to the order of minutes, without the need for additional solvent. The flow process of reactive extrusion of ViSiL is shown in Figure 1 . The lignin and DVDZ were premixed under N2 flow before injecting into the twin-screw extruder.
With appropriate ratio of lignin and DVDZ, the vinyl silylation reaction occurred under higher temperature and pressure compared with the bench-top solution reaction. DVDZ reacted with the -OH group of the kraft lignin, which limited lignin crosslinking at high temperature. Moreover, DVDZ performed similar function as a plasticizer to extrude the modified lignin easily. After drying and grinding, the ViSiL was used for copolymerization. 31 P NMR analysis. 31 P NMR spectra (Figure 3 ) indicated that the amount of hydroxyl groups of the vinyl silylated lignin were reduced relative to that of the kraft lignin. In addition, both, aliphatic hydroxyl groups, with peaks between δP (150-145) ppm, and phenolic hydroxyl groups, within the 13 δP range of 145-137 ppm, were reduced. This was taken as indication that the vinyl silylation was not selective for the hydroxyl groups. According to the internal standard, the total hydroxyl groups was calculated to be ~8 mmol/g and the substituted hydroxyl groups can be calculated to be ~2.5 mmol/g corresponding to the silicone and vinyl groups that were introduced in the modified lignin.
Accordingly, the degree of substitution was calculated to be ~31 %. Compared with the kraft lignin, a newly formed singlet peak at δC = 0 ppm indicated the silyl carbon. The triplet peak at δC 131 ppm can be assigned to the =CH2 group. A doublet peak appeared at δC 140 ppm, which corresponds to the =CH-group. 49 The results showed a good agreement with the 1 H NMR spectra included in Figure 4a . Together, they confirm the modification carried out with the kraft lignin. and δC =28 ppm, respectively. 51 After the copolymerization to yield PAN-co-ViSiL30, and similar to 1 H NMR, the 13 decomposition range. However, the decomposition temperatures slightly increased with the ViSiL addition in the copolymers, as shown in Figure 7d and Table 1 . Generally, the PAN-co-ViSiL films did not present the fast decomposition characteristic of PAN films. The molecular weight of PANco-ViSiL copolymers were much lower than PAN; therefore, even for PAN content as high as 90 %, the molecules were not degraded to smaller sizes as rapidly as in the case of neat PAN films.
Additionally, due to the effect of the lignins, PAN-co-ViSiL films presented a residual 50 % mass at 600 o C while for the PAN film it was less than 40 %. double bonds are typical flexible groups. Thus, it is not surprising that ViSiL, rich in Si and alkene, displayed a lower glass transition temperature compared to KL.
As a unique semi-crystalline polymer, it has been shown that unoriented PAN presents two glass transition temperatures, corresponding to laterally-ordered and amorphous domains. 54 Good agreement with the expectation for PAN is indicted in Figure 8a : a first glass transition temperature (Tg1) took place at ~ 102 o C. Not like typical glass-rubber transition, at this temperature, the transform was from a laterally-ordered glassy state to a more mobile but still laterally ordered state.
The second Tg2 appeared at ~136 o C, which is ascribed to the transformation into an amorphous structure. Each C9 unit of the kraft lignin only has one reactive site for polymerization. Thus, the kraft lignin was copolymerized with AN oligomers but did not contribute with chain growth. In contrast, the coupling between AN oligomers and the active sites in KL more likely terminated the polymerization and resulted in a lower molecular weight, as discussed in Figure 6b . However, in the case of ViSiL the copolymerization can be extended due to the open double bonds. Thus, as shown in Figure 8a and Table 1 , the PAN-co-ViSiL30 copolymer displayed clearly two glass transition temperatures. Film strength. The tensile strength as function of strain is shown in Figure 9 to describe the mechanical performance of the films. The PAN film presented a very high yield stress, around 30
(b) (a)
MPa and an ultimate stress over 40 MPa. At the fracture point, the PAN film strain reached values as high as 110 %. As expected, with the increased ViSiL content in the PAN-co-ViSiL copolymers, the films presented a lower stress and strain. For PAN-co-ViSiL30 copolymer film, the ultimate stress was reduced to 18 MPa and the strain was 55 % at the fracture point. As discussed in the rheology section, the PAN-co-ViSiL copolymers has a lower degree of polymerization compared to that of neat PAN. Amorphous lignin segments weakened the PAN chains to form laterallyordered phases and made the film relatively brittle. However, the PAN-co-ViSiL30 copolymer displayed much better performance than the PAN-co-KL30 copolymer. The PAN-co-KL30 copolymer film displayed an ultimate stress of less than 10 MPa. Compared to PAN-co-ViSiL30, the flexibility of PAN-co-KL30 copolymer was very limited, a strain of 10 % at the failure point Film morphology. There were not significant differences in the morphology of the copolymer films. This can be explained by the slow evaporation of DMSO in the oven during the process of film preparation. The copolymers dispersed very well in the organic solvent that in turn improved their uniformity. Thus, the SEM images of the films are not discussed here but included in the supporting information. Instead, the morphology of the PAN-lignin hot-pressed copolymer films were observed by SEM imaging in order to assess polymers phase compatibility (Figure 10 ). The cryo-cross section of neat PAN film presented a smooth rupture surface. The PAN-co-KL30 copolymer hot-pressed film displayed a much rougher surface. It was observed that, within the red circle of the image (Figure 10e ), a number of small holes were detected. In contrast to this latter case, the PAN-co-ViSiL30 hot-pressed film (Figure 10f ) displayed a continuous and uniform surface with limited "breaking points". PAN is a highly homogeneous polymer which presented highly homogeneity on the cross surface. However, due to the less reaction sites of kraft lignin, the copolymerization reactivity between PAN and kraft lignin was very limited. The final product displayed a more complex but more loosen structure with large lignin molecules as the terminal group of the PAN chains.
Additionally, the low reactivity between PAN and KL resulted in a relative low purity product, containing possible unreacted lignin molecules. Therefore, with the short melting period, not like the highly purified PAN, the PAN-co-KL30 hot-pressed film presented discontinuous phase on the cross section. Although PAN-co-ViSiL30 hot-pressed film displayed a rougher cross section surface than PAN. ViSiL is much more reactive than KL because of the large amount of vinyl groups that copolymerize with PAN to form a much stronger network connection. Therefore, the PAN-co-ViSiL30 hot-pressed film displayed better homogeneity than PAN-co-KL30 film. Finally, the films obtained here were used in the synthesis of membranes and carbonized films, demonstrating additional potential applications. This is a subject of an upcoming publication.
CONCLUSIONS
A vinyl silylation reaction carried out in a reactive extruder was successfully applied to a kraft lignin to yield a degree of substitution of 31%. The obtained vinyl silylated lignin was copolymerized with AN oligomers to form a copolymer. The respective systems were casted taking advantage of the relatively low viscosity endowed by ViSiL loading. Compared with the copolymers from the unmodified kraft lignin (PAN-co-KL30), the PAN-co-ViSiL30 copolymer presented a higher molecular weight due to a higher reactivity, which in turn resulted in a higher viscosity. The TGA profiles indicated that the copolymerization improved the thermal stability of ViSiL. The weight loss of the copolymer was reduced with the increased AN/ViSiL ratio. In addition, DSC analysis indicated a relatively low Tg for ViSiL due to the silicone-containing structures, which improved the flexibility of the macromolecule. The copolymers displayed a Tg that was intermediate to the values of the precursor polymers, which indicated successful copolymerization. Moreover, the ViSiL increased the thermal stabilization in PAN-co-ViSiL copolymers but decreased with the ViSiL/AN ratio, due to strong network formation. In addition, the tensile strength of the PAN-co-ViSiL copolymer films showed lower strength and strain at fracture with increased ViSiL/AN ratio. However, compared with the PAN-co-KL30 film, the PAN-co-ViSiL30 displayed a much higher tensile strength and strain (18 MPa and 55% strain) indicating the flexibility of the PAN-co-ViSiL copolymers. Finally, PAN-co-ViSiL30 cohesion was better compared to that of PAN-co-KL30, indicating the higher polymerization reactivity. In sum, due to its cohesion, flexibility and high reactivity during co-polymerization, PAN-co-ViSiL copolymers can be expected as a suitable precursor for membranes or carbon films.
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Synopsis: Lignin, a low-cost and sustainable biopolymer, is efficiently modified through vinyl silylation in a continuos reactive extruder, aming to partially replace high-cost PAN and increase flexibility of the copolymer in films.
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